I. INTRODUCTION
Load-invariant indentation hardness is the average pressure under the indenter during a fully developed plasticity upon large shear whereas zero-pressure elastic moduli describe reversible, infinitesimal elastic deformation close to equilibrium. [1] [2] [3] Materials with high bulk modulus attain their high incompressibility through a high valence electron density ͑VED͒ of the equilibrium structure, 4, 5 whereas achieving superhardness ͑Vickers hardness of H V Ն 40 GPa͒ requires also electronic and related structural stability necessary for plastic straining. 4 The experimentally reported proportionality between the indentation hardness and zero-pressure elastic moduli 6, 7 is a signature of crystal plasticity because the stress for both the multiplication and mobility of dislocations scales with the shear modulus G 0 . 3 However, the proportionality to G 0 does not apply when the material undergoes electronic instability and structural transformation accompanied by softening at finite shear strain prior to or during plastic deformation, since in such cases crystal plasticity occurs at the lower value of plastic shear resistance of that softer structure, not reflecting the original value of G 0 .
Much recent search for new intrinsically superhard materials has concentrated on those with high values of elastic moduli. [6] [7] [8] [9] [10] [11] [12] Because 5d transition metals, such as Os, Re, and W, have large values of bulk moduli, it has been suggested to design superhard materials by incorporating, into these metals, light elements, such as boron, to form strong covalent bonds yet keeping a high VED and bulk moduli. [10] [11] [12] A first choice has been OsB 2 because Os possess the highest VED ͑0.572 electrons/ Å 3 ͒ and the highest bulk modulus B 0 of 395-462 GPa among transition metals ͑dia-mond B 0 Х 443 GPa, e.g., Ref. 4͒ but low hardness of about 4 GPa because of its nondirectional metallic bonds. However it has been found that the load-invariant hardness of OsB 2 is only Յ20 GPa. 13 Using first-principles calculations, Yang et al. 14 have shown that, although OsB 2 , like other diborides of 5d metals, has a high bulk modulus of Ն300 GPa, it displays soft behavior within the ͑001͓͒010͔ slip system due to metalliclike shear of the ͑001͒ Os-Os layers, formed by Os atoms in adjacent unit cells, because the Os-B bonds are either perpendicular to the ͓010͔ direction or are located outside of the Os-Os layer.
Chung et al. reported the hardness of ReB 2 of 48 GPa at a relatively low applied load of 0.49 Newton ͑N͒ which decreased to about 30 GPa at a load of 4.9 N with a tendency of further decrease at larger load ͓see Fig. 2A 17 reported a hardness of ReB 2 of only 37.2-40.5 GPa at a low load of 0.49 N and of 28 GPa at a load of 4.9 N. Gu et al. 18 have compared the hardnesses of many transition-metal borides and reported hardness of ReB 2 to be about 39.3 GPa at 0.49 N, with a load-invariant hardness of only 26.2 GPa. Otani et al. 19 reported hardness of single-crystal ReB 2 of 30.8-35.8 GPa under a load of 1.96 N. Furthermore, these researchers were unable to reproduce the scratching of diamond by ReB 2 as reported by Chung et al. 15 ͑for a possible explanation of the reported scratching of diamond by ReB 2 see Ref.
16͒. An even lower load-invariant hardness of less than 20 GPa was reported by Qin et al. 20 for polycrystalline compacted ReB 2 . All these experimental results show that although ReB 2 has a high zero-pressure bulk modulus, i.e., low compressibility, it is not intrinsically superhard.
The crystal structure of ReB 2 may be considered as Re atoms arranged in the motif of a hexagonal closed packing ͑hcp͒, although strongly enlarged ͑about 40%͒ along ͓001͔ direction due to occupation of all tetrahedral voids by B atoms. Short B-B distances occurring within the ͑001͒ plane lead to puckered layers of threefold bonded B atoms ͑similar to those in gray As͒ with covalent bond distances of about 1.8 Å. Distances B-B along ͓001͔ direction are above 3 Å. 21 Recently, Pellicer-Porres et al. 22 presented pressuredependent x-ray absorption spectroscopic data indicating the B layers to flatten on increasing hydrostatic pressures. Dur-ing this process the pressure-induced reduction in the B-B distances is larger than the reduction in the Re-B distances indicating an increasing B-B covalent bond order. The flattening of the B layers was discussed to reduce the threedimensional structural rigidity necessary for high hardness.
First-principles calculations have been done in order to determine the elastic and electronic properties of 5d transition-metal diborides at equilibrium. [23] [24] [25] [26] For example, Chen et al. 25 used their high value of the calculated zeropressure shear modulus G 0 of ReB 2 and Teter's empirical correlation of Vickers hardness with G 0 ͑Ref. 7͒ in order to predict the Vickers hardness of ReB 2 to be about 45.2-47.5 GPa, supposedly in agreement with the low-load value of 48Ϯ 5 GPa reported by Chung et al. 15 However as outlined above, this is not the correct value of the load-invariant hardness of ReB 2 . We have calculated the stress-strain relationship and have shown that the ideal shear strength of ReB 2 of about 34 GPa is much less than that of c-BN of about 58 GPa, in good agreement with the relative values of the hardnesses of these materials. 27 More recent work has shown that the hardness of TiN, ZrN, and HfN scales with their ideal shear strengths rather than with their shear moduli. 28 Here, we report that the relatively low hardness of ReB 2 is due to shear-induced, irreversible structural transformation into other, softer structures. This provides insight into the atomic and electronic origin of such softening and of the crystalfield instability of the 5d orbitals at a large shear that occurs in the regime of fully developed plasticity.
II. COMPUTATIONAL METHODS
Our first-principles calculations of the dependence of total energy and stress on strain were performed using densityfunctional theory within the generalized gradient approximation ͑GGA͒ as implemented in the Vienna ab initio simulation package VASP. 29 The electron-ion interaction has been described by projector augmented wave ͓͑PAW͒-GGA͔ scheme. The valence electrons considered were 5d 6 and 6s 2 for rhenium and 2s 2 2p 1 for boron. We used the unit cell of ReB 2 with two Re and four B atoms in its hexagonal representation. In order to obtain the equilibrium structural parameters, a two-step procedure has been used: first we conducted a full geometry optimization of the cell to obtain a stress-free state, followed by the symmetry analysis. The optimized lattice constants determined in this way were a 0 = 2.92 Å and c 0 = 7.515 Å, in very good agreement with the published theoretical and experimental values ͑see Refs. 12, 23, and 27 and references therein͒. The integration within the Brillouin zone was done using k points of 9 ϫ 9 ϫ 9 grids for the crystalline phases under consideration, determined according to the Monkhorst-Pack scheme, energy cutoff of 600 eV, and tetrahedron method with Blöchl corrections for the energy and electronic calculations, and Gaussian smearing for the stress calculations, respectively. We have also verified that the choice of a larger number of the k points does not change the results. The conjugate gradient method was used for the relaxation of structural parameters. In order to keep the crystal under a uniaxial stress state, the strained cell has been relaxed for both the atomic basis vectors and for the atom coordinates inside the unit cell by keeping fixed the applied strain component and relaxing the other strain components until their conjugate stress components ͑i.e., Hellman-Feynman stresses͒ reached negligible values. To ensure that the strain path is continuous, the starting position at each strain step has been taken from the relaxed coordinates of previous strain step.
The method of the calculation of the stress-strain dependence has been described and carefully checked in our earlier work. 28, 30 For comparison with our VASP calculations, the all-electron full-potential linearized augmented plane-wave method implemented in the WIEN2K code 31 has been used to calculate the orbital-resolved density of states ͑DOS͒ of the equilibrium and deformed structures. In these calculations, the same cell as described above for VASP has been used. The results showed reasonable agreement with those obtained from the VASP. Within WIEN2K calculation we used cut-off parameter R MT K max = 9, where R MT is the radius of muffin-tin sphere ͑MT͒, the maximum value of partial waves inside the MT sphere, l max = 10, and the largest reciprocal vector in the charge Fourier expansion G max = 14. The number of k points in the irreducible part of the Brillouin zone varied from 449 for the hexagonal symmetry of the equilibrium structure O ͑see below͒ to 1200 k points for the metastable structures of lower symmetry that appear along the stress-strain curve ͑see below͒. The total energy was converged to less than 2 ϫ 10 −5 Ry/ f.u. Figure 1 shows the dependence of the stress and total energy on the shear strain along the weakest ͑0001͓͒1010͔ slip system. The units of shear are related to the Re-Re distance within the plane of the sixfold rings so that strain of neighbor Re planes of 1.732 would correspond to full restoration of the original lattice, if it would not collapse earlier.
III. RESULTS AND DISCUSSION
The shear stress increases continuously up to a peak value of about 34 GPa at shear strain of 0.1951, after which it decreases to a local minimum of about 8 GPa at strain of 0.2936. The total energy continuously increases up to a strain FIG. 1. Dependence of the stress and total energy on the shear strain within the ͑0001͒ plane in the ͓1010͔ direction. The strain points of O, M1, and M2 indicate the equilibrium stable hcpderived structure and the two metastable trigonal ones formed during the shear-induced phase transformation. of 0.2936 followed by a sharp decrease at shear strain of 0.3195 indicating a lattice instability, which is seen in Figs. 2͑a͒ and 2͑b͒ by the change in valence charge density ͑VCD͒ between the strain 0.2936 and 0.3195. During this step the angle of B1-B2 bonds ͑note that all boron atoms are equivalent; the symbols B1 and B2 are used to identify the given boron atoms in Fig. 2͒ with respect to the horizontal line rotates clockwise with B1 moving up and B2 down, the bonds B1-Re2 and B2-Re1 almost break and new B2-Re2Ј bonds form ͓see white arrows in Figs. 2͑a͒ and 2͑b͒ ; note that the symbols Re1, Re2, and Re2Ј identify the given rhenium atoms shown in Fig. 2͔ . Upon further increase in the strain the stress goes through a second local maximum of only about 23 GPa at a strain of 0.4282, followed by its decrease to a value slightly below zero at a strain 0.4859. Simultaneously, the total energy slightly increases reaching a local maximum at a strain of 0.4859 and a very shallow minimum at a strain of 0.6048, which corresponds to a metastable structure denoted M1, because its total energy is higher than that of the initial equilibrium structure O ͑hcp ReB 2 , space group P6 3 / mmc, number 194, and Pearson symbol hP6͒. As seen in Figs. 2͑c͒ and 2͑d͒, this shear-induced structural transformation occurs at strain of 0.4859 through the anticlockwise rotation of the B1-B2 bond with the B1 atom moving down and the B2 up resulting in the formation of B1-Re2 and B2-Re1 bonds by simultaneously breaking the B2-Re2Ј bond, which formed during the first lattice instability at strain of 0.3195. Comparing the calculated VCD before and after lattice instabilities one notices a significant strengthening between B-B bonds during this shear event.
The flattened zigzag B-B sixfold rings ͓Fig. 2͑d͔͒ remain preserved during further shear up to a strain of 0.8114 at which the stress is close to zero.
With strain increasing from 0.4859 to about 0.8 ͑Fig. 1͒, the stress slightly increases passing zero at strain of 0.6048, where the total energy reaches a very shallow local minimum corresponding to a metastable structure denoted M1 in Fig.  1 . Figure 3 shows the transition of the original equilibrium crystal structure ͓Fig. 3͑a͔͒ to the sheared one at point M1 ͓Fig. 3͑b͔͒. The symmetry analysis 32 of the deformed structure M1 revealed that it is a trigonal structure with the space group R3m, number 166, and Pearson symbol hR6. This structure has been found in some other diborides, such as MoB 2 . 33 The lattice parameters in rhombohedral representation are a = 7.2511 Å and ␣ = 23.7589°. For convenience, this structure in hexagonal representation is shown superimposed on the sheared one in Fig. 3͑b͒ and denoted as M1 ͑trigonal͒. With shear strain increasing further above 0.8, another discontinuity is observed in the stress-strain curve ͑Fig. 1͒ accompanied by a strong decrease in total energy to a pronounced minimum at a strain of 1.15, where the stress reaches zero, thus showing that a new metastable phase M2 has formed upon that shear event. Using the symmetry analysis of this structure we found ͓the sheared original and new M2 structure are shown in Fig. 3͑c͔͒ that this structure belongs also to the same space group of R3m as the M1 ͑trigonal͒ structure with lattice parameters in rhombohedral representation being a = 4.1257 Å and ␣ = 41.463°and Pearson symbol hR3. The average atomic volume of the stable structure O is about 9.22 Å 3 / atom while that of the M1 FIG. 2. ͑Color online͒ VCD within the ͑1120͒ plane at the shear strains of ͑a͒ ␥ = 0.2936 and ͑b͒ ␥ = 0.3195 before and after the first lattice instability, respectively, and ͑c͒ ␥ = 0.4282 and ͑d͒ ␥ = 0.4859 before and after the second lattice instability, respectively, shown in Fig. 1 . Re denotes the rhenium and B the boron atoms. The VCD scale is from 0 ͑dark blue͒ to 0.2 ͑red͒ in units of electron/ bohr 3 .
FIG. 3. ͑Color online͒ ͑a͒
The equilibrium O ͑hcp͒ structure from the ͓1120͔͑upper figure͒ and ͓0001͔ crystallographic directions, and the sheared metastable structures of ͑b͒ M1 ͑trigonal͒ and ͑c͒ M2 ͑trigonal͒, respectively ͑see Fig. 1 and the text͒. Small and large circles represent B and Re atoms, respectively. structure is 9.06 Å 3 / atom and that of M2 of 9.27 Å 3 / atom, i.e., the atomic volumes of the metastable structures M1 and M2 are suffering first a compression and then dilatation by −1.76% and +0.5% with respect to the original structure O, characteristic of many stress-induced shear transformations.
The above-mentioned flat zigzag B-B sixfold rings ͓Fig. 2͑d͔͒ persist up to the shear value of 0.8114 after which a large instability on the stress curve is observed, and a second metastable structure M2 is formed. The negative value of the stress between strain of about 0.8114 and 1.1647 together with the relatively deep local minimum of the total energy means that this metastable structure possesses a relatively large stability. This is further illustrated by the increase in the stress up to a maximum value of about 32 GPa at a strain of about 1.6 followed by its small, continuous decrease with strain increasing above 1.6. We recall that a strain of 1.732 corresponds to a full restoration of the original structure O if it had preserved, which is clearly not the case. After just one full shear event, ReB 2 cannot recover even the relatively low ideal shear strength of 34 GPa seen in Fig. 1 at relatively small strain of 0.1951. We recall that this maximum ideal shear strength is much lower than that of c-BN of about 58 GPa. 27 Figure 4 shows that VCD within the ͑1120͒ plane for several significant values of shear strain ␥ shown in Fig. 1 . It is clearly seen that the shear-induced structural transformation and softening is irreversible because the plasticity by layer sliding between Re-B bonds becomes dominated by lattice dilatation of the B-B bonds ͑cf. Fig. 4͒ , when the M2 structure is formed after a strain of 0.8114.
The shear-induced softening can also be seen in the changes in the plastic shear resistance by comparing the zero-pressure anisotropic shear modulus G 0 of the original structure of 257.4 GPa ͑see the first derivative at small strain in Fig. 1͒ with the first derivatives of the stress-strain curves after the above discussed instabilities, which represent the plastic shear resistance of the given shear-induced, metastable structures. The plastic shear resistance after a first instability at a strain of 0.2936 is reduced to about 149 GPa and decreases further to 58 GPa after the formation of the metastable M1 structure at strain of 0.6048. Upon a further shear, it slightly recovers to about 123 GPa after the formation of the metastable M2 structure but remains much smaller than the G 0 value of 257.4 GPa of the original equilibrium ReB 2 structure ͑see Fig. 1͒ . One also notices that the shear stress at larger strain never reach the value of 34 GPa, which has been found before the first instability of the original structure O. When the strain increases above about 1.6, the first derivative of the stress with strain becomes negative which means that the structure became inherently instable and collapses. Therefore, it can never return back to the original equilibrium structure O.
A further insight into the electronic origin of the transformations-induced easy plasticity of ReB 2 provide studies of the changes in the orbital-resolved DOS of the 5d orbitals of Re atom during the shearing process. Upon shear, the crystal-field splitting and stabilization of energy levels are likely to change as a result of the relative change in the position of the boron atoms with respect to the rhenium ones.
34 Figure 5͑a͒ shows the orbital-resolved DOS of 5d orbitals of Re for the three structures with x axis along the ͓1010͔ direction, y axis along the ͓1120͔ direction, and z along the ͓0001͔ direction. 
FIG. 5. ͑Color online͒ ͑a͒
The orbital-resolved density of state of 5d levels of rhenium with respect to the Fermi level at equilibrium ͑O͒ and of the sheared metastable structures M1 and M2 ͑see Fig. 1͒ . The axis x corresponds to the shear direction ͓1010͔, y axis is parallel to the ͓1120͔, and z to the ͓0001͔ direction. Below: the coordination of the rhenium to boron in the three structures ͑b͒ O ͑hcp͒-, ͑c͒ M1 ͑trigonal͒-, and ͑d͒ M2 ͑trigonal͒-ReB 2 .
͑notice that one and two vertical arrows mean medium and large effect, respectively͒: It can be seen that upon the transformation from the stable O ͑hcp͒ to the metastable M1 structure during the ͑0001͓͒1010͔ ͑xz͒ shear, the d xy and d xz states at Fermi level are stabilized whereas d z 2, d x 2 −y 2, and d xz are strongly destabilized, which explains the large instability of the M1 structure. The transformation of M1 to M2 is accompanied by opposite changes in the d orbitals at Fermi level but it does not bring them quite back to the values of the original O ͑hcp͒ structure. This analysis provides a qualitative explanation why the M2 ͑trigonal͒ phase is more stable than the M1 ͑trigonal͒ one, both being metastable with respect to the equilibrium O ͑hcp͒ structure ͑Fig. 1͒. The relative stabilization of the three phases can also be seen from the change in coordination of rhenium surrounded by boron atoms during the phase transition as shown in Figs. 5͑b͒-5͑d͒. Upon the transition from O to M1, the zigzag B-B sixfold ring flattens and the layer slips until Re comes at a place directly below the sixfold B ring as shown in Fig. 6 . Upon a further increase in the strain the layer slips along the same vector until, in the M2 structure, the Re has a similar coordination as in O, however the orientation of the boron "triangle" above is rotated by 60°relative to the bottom triangle.
As mentioned above, for a strain larger than about 1.6, the stress decreases with increasing strain showing that the structure became inherently instable. In order to understand the electronic origin of this instability we show in Fig. 7 the line profiles of the VCD between the B-B and Re-B bonds in equilibrium, for shear strain of 1.1436 that corresponds to the last maximum of stress, and for strain of 1.5871 and 1.9717 where the shear stress decreases with increasing strain ͑see Figs. 1 and 4͒. One can see that there is no noticeable difference in the lines in equilibrium and at strain of 1.1436 ͓see Figs. 7͑a͒ and 7͑b͔͒ and the B-B bonds are significantly stronger than the Re-B ones ͓cf. Figs. 7͑c͒ and 7͑d͔͒ . This means that the covalently bonded B rings are the main carrier of the load, holding the ReB 2 structure together, whereas the contribution of the Re-B bonds is relatively small. For larger shear strain, where the shear stress decreases with increasing strain displaying an inherent instability of the structure, the B-B bonds break, whereas little change is seen in the weak Re-B ones. This is the reason of the irreversible electronic and concomitant structural transformations which result in a collapse of the structure.
IV. CONCLUSIONS
In conclusion, we have shown that shear-induced structural transformation in ReB 2 results in low plastic shear resistance ͑softening͒ of the new metastable phases which do not recover even upon a full shear step because of irreversible changes and collapse of the electronic structure. The shear-induced instability of the equilibrium O structure that occurs at a relatively small shear strain of 0.1951 is closely related to the relatively strong B-B bond within that structure, and it limits the plastic shear resistance of ReB 2 . Upon a further shear, metastable trigonal structures with a reduced plastic shear resistance are formed but the original, equilibrium structure is not recovered even after a full shear step of the shearing planes signifying a permanent structural trans- FIG. 6 . ͑Color online͒ Top view of the changes in the coordination of Re in the three structures ͑a͒ the equilibrium O ͑hcp͒-, and the metastable ͑b͒ M1 ͑trigonal͒-and ͑c͒ M2 ͑trigonal͒-ReB 2 during the shear. With the Re and the 3 B ͑in red͒ as the unaffected layer below, the brownish B-"zigzag hexagon" layer moves from right to left in the figures on going from O to M1 and M2. During this process, the zigzag B-B sixfold ring flattens ͑M1͒ and the layer slips until Re comes at place directly below the sixfold B ring. In this case, the flattened B layer can be interpreted as close to a graphitic ͑not completely flat͒, i.e., B with double-bond contributions reducing the bond length ͑however, the bond reduction is certainly also necessary to fit the geometric extension of the unaffected layer͒. On further increase in strain the layer slips along the same vector until Re resides in M2 in a similar coordination as in O. However the orientation of the boron triangle above Re is turned by 60°relative to the bottom triangle.
formation. This behavior is closely related to the electronic 5d structure which shows complex changes and destabilization due to the crystal-field splitting upon the shear. In the final stage of the shear-induced instability, the B-B bonds, which provided the material with its strength at the smaller shear, break and the whole system collapses. These effects will probably limit the achievable hardness of other diborides of 5d transition metals in spite of their high elastic moduli.
